A simple dynamically tunable metasurface (two-dimensional metamaterial) operating at microwave frequencies is developed and experimentally investigated. Conceptually, the simplicity of the approach is granted by reconfigurable properties of unit cells partially filled with distilled water. The transmission spectra of the metasurface for linear and circular polarizations of the incident wave were experimentally measured under the metasurface rotation around a horizontal axis. The changes in the transmission coefficient magnitude up to 8 dB at 1.25 GHz are reported while rotating the metasurface by the 90 angle. The proposed approach manifests the cheap and accessible route for the electromagnetic wave control in the microwave region with the help of metasurfaces. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4955272] The scientific field of metamaterials has opened wide opportunities to access by artificial structuring electromagnetic properties not available in nature. Among different classes of metamaterials, the all-dielectric metamaterials 1 (and their twodimensional analogues-metasurfaces 1-3 ) are currently considered to have great potential towards low-loss alternatives to intrinsically lossy metal-based designs. The functionality of such all-dielectric structures is typically based on high values of a dielectric permittivity, which serve to compensate the lack of free carriers by employing Mie resonances.
In microwaves, various high-dielectric materials with permittivities on the order of several hundreds (see, for example, Vendik et al. 8 ) were tested for such purposes. In most cases that implies using relatively expensive materials, like, for example, barium-strontium titanate. However, in order to reach massive practical applications, the metamaterials must be cost-efficient, technologically flexible, and, desirably, ecologically friendly. If in addition the metamaterial enables dynamic tuning of its properties, it will very likely become a working horse of metasurfaces/metamaterials designing.
A few tunable configurations have been reported so far mostly in the optical range: temperature tuning of a silicon nanodisks metasurface filled with a liquid crystal; 4 mechanically tunable metasurface with titania nanodisks; 5 carrier concentration tuning of Mie resonances in Si or Ge nanoparticles; 6 and transmission modulation of a Si metasurface loaded with a graphene layer. 7 Surprisingly enough, but one of the most abundant, easily reconfigurable and by default nature-friendly material on Earth, namely, water has been considered as a material platform for microwave metamaterials only very recently. [9] [10] [11] In this frequency range water has high dielectric permittivity e, which in addition heavily depends on temperature T. 12 In the normal laboratory conditions, water is a liquid in the large temperature range between 0 and 100 C. As such, it preserves its volume, but takes the shape provided by a container, which minimizes its potential energy (thus the surface of water in rest is flat besides the wetting effect).
So, the synergy of these two basic properties of waterthe high permittivity and easy volume reshaping-manifests the remarkable conditions for designing microwave tunable metamaterials with advanced functionalities. Andryieuski et al. 9 proposed to use the properties of water for tunable transmission of electromagnetic waves through a system of partially filled water meta-atoms. Tunability is provided by the gravity force, which readily reshapes the water volume in each elementary reservoir with rotation of the whole system of the meta-atoms. In such configuration, the water-based metamaterials can be definitely considered as the simplest and potentially the cheapest realization of a tunable metamaterial or metasurface. In this Letter, we provide the experimental demonstration of this functional device.
The metasurface (two-dimensional metamaterial) under study is composed of unit cells periodically arranged in a square lattice with period d ¼ 6 cm [ Fig. 1(a) ]. An individual unit cell consists of an empty elliptical cylinder partially filled with water. The elliptical cylinder has the following parameters: major axis a ¼ 2.5 cm, minor axis b ¼ 1 cm, and height (or thickness) h ¼ 1 cm. In principle, tapped water can be used as the filling of the elliptical cylinders. In our case, we employed commercially available distilled water. The distilled water permittivity was experimentally studied in the microwave frequency range of 1-2 GHz at room temperature T ¼ 24 C using the Rohde&Schwarz ZVB 20 Vector Network Analyzer (VNA) and a probe of the dielectric assessment kit (DAK-3.5). 13 The measured data correspond well to the data known from literature, 12 for example, at 1.25 GHz ¼ 78 þ i 4.7. The dimensions of the elliptical cylinders were specifically selected to access the Mie resonances in the frequency range of 1.2-2 GHz. The array of such unit cells can be considered to operate in the metamaterial regime rather than as a diffraction grating. The metasurface rotation angle is set to 0 , when the major axis of the elliptical cylinder a is parallel to the y-axis [see Fig. 1(a) ]. With the metasurface clockwise rotation up to 90 , the water flows and changes its shape as illustrated in the inset of Fig. 2(c) . In this manner, the metasurface is dynamically tunable with its transmission depending on the rotation angle.
Full-wave modeling of the metasurface transmission coefficient upon the plane-wave excitation was performed using the frequency domain CST Microwave Studio solver. Two Bloch-Floquet ports located in the far-field of the unit cell along the z direction were used. The unit cell periodic boundary conditions were imposed in simulations, so that the structure and the incident wave are periodically repeated along the elliptical cylinder major axis. To demonstrate the tunability, we specifically characterized the metasurface transmission in dependence on rotation around the z-axis. We considered the following types of polarization of the plane wave propagating in the z direction: (i) the horizontal polarization with the electric field polarized along the y-axis Ejjy (at the zero rotation angle, the major axis a is parallel to the electric field) [see Fig. 1(a) ]; (ii) the vertical polarization with the electric field polarized along the x-axis Ejjx (at the zero rotation angle the minor axis b is parallel to the electric field); and (iii) right (RCP) and left (LCP) circular polarizations.
First, we numerically studied the metasurface transmission properties for a horizontally polarized plane wave. The results obtained for different rotation angles are depicted in Fig. 2(a) . As one can see under the 0 rotation angle, the minimum of the transmission coefficient magnitude is 0.35 at the frequency near 1.2 GHz. Here and in the rest of the paper discussing about the transmission coefficient we refer to its magnitude. Rotation of the metasurface increases the transmission coefficient up to 0.95.
To verify the effect, the prototype of the tunable waterfilled metasurface was fabricated and experimentally investigated in an anechoic chamber [ Fig. 1(b) ]. The array of 9 Â 9 elliptical cylinders was drilled in a custom holder made of a Styrofoam material with a permittivity close to 1 at the microwave frequencies. All elliptical cylinders were halffilled by injection of 12 ml of distilled water. The metasurface was fixed in the specially designed rotating frame. In order to reduce the edge diffraction and its influence on the transmission characteristics, the metasurface perimeter was surrounded by microwave absorbers [Fig. 1(b) ]. To perform a plane wave excitation and detection, a pair of identical rectangular linearly polarized broadband horn antennas (operational range of 1-18 GHz) connected to the coaxial ports of an Agilent E8362C Vector Network Analyzer was used. The metasurface was located at the distance of 2 m to both the transmitting and receiving antennas. In the case of a circularly polarized wave, the horn antennas were replaced by a self-made narrow-band right circular polarized antennas. 14 The antennas were matched better than À10 dB in the frequency band of 1-2 GHz.
During the characterization, the complex transmission coefficient of the metasurface was measured for rotation angles in the range of 0 -90 . The background signal was subtracted by means of the free space measurement. 15 In order to minimize the effect of the additional reflections from the walls of the anechoic chamber, the measured signal was transformed into the time domain with the subsequent time-domain gating. 16 The measured transmission coefficients of the metasurface in the case of the horizontal polarization of the excitation wave are shown in Fig. 2(b) . We observe good agreement between the simulated results and measured data. The magnitudes of the measured and simulated transmission coefficients as a function of the rotation angle are directly compared in Fig. 2(c) . Following the positions of the minimal transmission, we picked up the frequency 1.2 GHz for presentation of the simulated results (green solid line) and 1.25 GHz for presentation of the measured ones (green dots). The little discrepancy in the resonance frequency can be attributed mainly to the tolerance in the custom holder fabrication and deviation of the metasurface orientation relative to the incident plane wave. One can see that the dynamical range of variation in the transmission coefficient magnitude by rotating the metasurface from 0 to 90 is extended from 0.38 to 0.90.
Next, we studied both numerically and experimentally the tunability of the water based metasurface under the vertically polarized plane wave excitation. The results of simulations are depicted in Fig. 3(a) . In contrast to the case of the horizontal polarization, the transmission coefficient is almost constant in the frequency band 1.1-1.4 GHz under the 0 rotation angle. With the rotation angle increasing up to 90 , the minimum in the magnitude builds up near the frequency 1.2 GHz. The measured transmission coefficient magnitude is shown in Fig. 3(b) . Again besides the same minimum position shift from 1.2 to 1.25 GHz as for the horizontal polarization case the measured data agree well with the simulated results. The magnitudes of the measured and simulated transmission coefficients as a function of the rotation angle are compared in Fig. 2(c) . The simulated results at frequency 1.2 GHz are shown by the red solid line whereas the measured data at frequency 1.25 GHz are depicted by the red dots. For the vertical polarization measured magnitude of transmission coefficient changes from 0.97 to 0.67 by rotating the metasurface by 90 (while simulated data changes from 0.99 to 0.55).
Finally, modeling and characterization of the metasurface excited by a circular polarized wave were performed. Such experiments can clearly demonstrate the effect of water redistribution in the unit cells. Indeed, if all unit cells are fully filled with water, rotating of the metamaterial should have no effect on the circular polarized wave transmission. We modeled the RCP-RCP transmission as well as the polarization conversion from RCP to LCP. The results of numerical simulations are shown in Fig. 4(a) : the RCP-RCP transmission by the solid lines and RCP-LCP conversion by the dashed lines. One can conclude that the transmission coefficient magnitudes have dependence on the angle of rotation for circular polarized waves although less pronounced than for linear polarized waves. For example, at the frequency in the vicinity of 1.15 GHz, RCP-LCP conversion drops down while RCP-RCP transmission coefficient increases with the angle of rotation. Such behavior towards circular polarization can be explained by the bianisotropy of the metasurface made of partially filled elliptical cylinders; however, detailed characterization of the bianisotropic properties of the metasurface is beyond the scope of the Letter.
Two RCP-antennas and one LCP-antenna were fabricated in order to perform circular polarization characterization. Antennas were matched in the frequency range of 1-2 GHz. The results of transmission coefficient measurements ( Figs. 4(b) ) agree very well with the modeling results.
In conclusion, we have assembled and characterized extremely simple and cheap metasurface for the microwave frequency range, which is easily tunable just by adjusting of FIG. 3. Simulated (a) and measured (b) transmission coefficient magnitude for the vertically polarized excitation plane wave at different rotation angles. the rotation angle. The metasurface is composed of elliptical cylinders partially filled with water. We have confirmed the very principle of the metasurface controllable operation in direct experiments, namely, that by rotation of the whole array of cylinders transmission properties of the metasurface can be easily altered due to the reshaping of the water metaatoms in the elliptical voids. The demonstrated range of transmission variation is relatively modest, between 0.4 and 1.0 in magnitude (from À8 dB to 0 dB), but it can be well expanded by considering, for example, other shapes of the water inclusions with larger asymmetry. Although it has not been the subject of this particular study, additional tunability can be implemented by means of water temperature control. We believe that the proposed architecture of tunable metasurfaces can find a wide application in microwave technology, especially for demonstration and cost efficient prototyping of functional artificial electromagnetic surfaces.
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